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INFLUENCE OF T HE ISOTH ERM A L A NNEA LI NG
ON TH E FRE E VOLU M E CH ANGE S
I N TH ERM O-SHRUNKE N POLY ETH Y LE NE
BY POSITR ON A NNIHILA TI ON
W . Oso ba
I nst it ut e of Physi cs, Si lesian Uni versity , U niw ersytec ka 4, 40-007 K atow ice, Polan d
Positron lif eti me measurements in polyethylene have been perf ormed .
Samples of the p olyethylene were isothermall y annealed at three temp era-
tures (373 K , 423 K , and 473 K ) for di˜erent time p eriods (f rom 5 min to
5 h). After coolin g, the samples w ere used for the lif etime measurements
in air at room temp erature. A conventional fast{slow coincid ence lif etime
spectrometer w ith plastic scintillato rs has been used to p erform the lif etime
measurements. Mean free volumes radii and fractional free volume have been
calculated from the lif etime data.
PACS numb ers: 71.60.+ z, 78.70.Bj
1. I n t rod uct io n
Posi t ron anni hi lati on spectro scopy is wi dely used f or investigati ons of di f-
ferent aspects of polym er pro perti es [1, 2] and positro n behavi our in polym ers.
The therm al ised positro n can anni hi late wi th an electro n from the absorb er or i t
m ay form , wi th thi s electron, a bound system | positro ni um (Ps). In am orpho us
regions of a polym er substance f ree volumes exi st, where o r t ho -positro ni um (o -Ps)
m ay l ive for several ns. Ma ny di ˜erent externa l condi ti ons can perturb the fate of
the positro n in polym er m atter and due to thi s, they m ight change i ts li feti m e.
Polyethylene (PE) is one of the m ost comm on polym ers. It is used al l over the
wo rld for di ˜erent purp oses. It is also inv estigated by num erous autho rs [3{ 8]. The
purp ose of thi s paper was to investigate the inÛuence of the isotherm al anneal ing
on the free vo lum e changes in therm o-shrun ken PE.
2. E x per i m en t a l
2.1. T he spect rometer and the sourc e charact er ist ics
A conventi onal slow{ fast coinci dence spectrom eter wi th plasti c scinti l lato rs
has been used. The ti m e resoluti on of the spectro meter, approxi mated by two
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Gaussian curves, has been determ ined by analysing the m easurements of the
positro n l if eti mes in Kapto n foi ls. Typi cal values of the ful l wi dths at hal f of the
m axi mum (F W HM i ) have been as fol lows: FW HM 1 about 257 ps and I 1 about
70%; FW HM 2 about 360 ps. Positro n l i feti m e spectra have been accum ulated to
appro xi m atel y ( 2 : 5 ) È 1 0 6 counts. A positro n source (about 0.2 M Bq) wa s sealed
between two Ka pto n foi ls (8 ñ m thi ck). The source correcti on has been ta ken
into account duri ng num erical evaluati ons. Al l of the measurements have been
perform ed in ai r at room tem perature. The m easurements have been repeated at
least twi ce for each sam ple. The values of the param eters obta ined after num erical
analyses of the raw l i feti m e spectra have been repro duci ble.
2.2. T he samples
Al l of the measured sam ples were made of PE pro duced by the Insti tute of
Nucl ear Chem istry and T echnology, W arsaw (Poland) as therm o-shrunken sheets
used for electri c cables insul ati on. Thi s Insti tute used granul es of Lup olen 2012D ,
schwar z 413 (m ade by BA SF) f or producti on of the sheets. The density of the gran-
ul es was 0.933{ 0.939 g/ cm 3 . The sam ples (9 mm in di ameter) were cut down f rom
a 1.3 mm thi ck sheet. The positro n source was sandwi ched between two pai rs of
such di scs. Three di ˜erent typ es of sampl es were used for inv estigati ons. The sam -
pl es of Ùrst typ e were cut down from the sheet of the PE wi tho ut any modiÙcati on
duri ng the techno logical pro cess (they are described in the paper: the as-pro duced
sam ples). The sam ples of the second typ e were prepared from the sheet of the PE
irra diated by electrons duri ng the pro ducti on pro cess, they are described in the
arti cle: the i rradi ated sam ples. Fi nal ly, the thi rd typ es were m ade of the \ ori en-
ta ted " PE sheet (i t means the sheet was lengthened in the course of pro ducti on
pro cess at elevated tem perature). These typ es of the sampl es are described in the
arti cle: the ori entated sam ples. The sampl es were isotherm al ly annealed, at three
di ˜erent temperatures (373 K, 423 K, and 473 K) before the m easurements, in
an oven, in ai r. Annea l ing at higher tem peratures caused melti ng of the sam ples.
The ti m e of the annealing was also changed (f rom 0 m in, the non-annealed sampl e
to 300 min). Addi ti onal measurements for therm al characteri sati on of the sam -
pl es were perform ed by di ˜erenti al scanni ng calori metry (D SC), a heati ng rate:
20 K/ m in. The mel ti ng (T m ) points were deÙned as the maxi mum of the m elti ng
endotherm (of the DSC tra ce). For al l the investi gated sam ples T m = ( 381 Ï 5 ) K.
3. R esul t s
The positro n l i feti m e spectra were analysed using the package pro grams
PATFIT- 88 [9]. These pro grams have Ùtted four exponenti al com ponents to the
m easured spectra. No constra ints on l i feti m es and intensi ti es have been im posed
duri ng num erical calculati ons. The longest-l ived com ponent, §4 , is attri buted to
the pi ck-o˜ anni hi lati on of o -Ps. Accordi ng to the model proposed by T ao [10] and
El drup et al . [11], the longest-l ived component of the positro n l i feti m e spectrum
m ay be correl ated wi th the m ean radi us of the free volum e cavi ty in the polym er
m atter. They derived the fol lowing equati on:
§ 4 = 0 : 5 f 1 À R =(R + 0 : 1 6 5 6 ) + (1 =2 ¤ ) sin[ 2 ¤ R =( R + 0 : 1 6 5 6 ) ]g À 1 ; (1)
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where §4 i s the o-Ps l i feti m e expressed in nanoseconds, R i s the m ean radi us of the
spheri cal well expressed in nm , and 0.1656 nm is an empiri cal consta nt.
The aim of thi s investigati on wa s to Ùnd out a relati on between the anneal ing
parameters of the therm o-shrunken PE and the m ean radius of the free volume
cavi ty . Thi s is the reason why onl y §4 ; I 4 , and R values (calcula ted accordi ng to
Eq. (1)) are listed, as the results of thi s investigatio n, in Tabl es I, I I, and I I I, for
three typ es of the sampl es, respectively.
T ABLE I
§4 ; I 4 , and R values obtained for the as-pro duced samples.
Anne- §4 I 4 R § 4 I 4 R §4 I 4 R
aling [ps] [%] [nm ] [ps] [%] [nm ] [ps] [%] [nm ]
ti m e Annea l ing temperature
[m in] 373 K 423 K 473 K
0 2587 21.88 0.333 2587 21.88 0.333 2587 21.88 0.333
Ï 2 0 Ï 0 : 4 7 Ï 0 : 0 0 2 Ï 2 0 Ï 0 : 4 7 Ï 0 : 0 0 2 Ï 2 0 Ï 0 : 4 7 Ï 0 :0 0 2
5 2616 21.14 0.336 2620 21.72 0.336 2615 21.71 0.336
Ï 2 2 Ï 0 : 5 1 Ï 0 : 0 0 2 Ï 2 1 Ï 0 : 5 1 Ï 0 : 0 0 2 Ï 2 0 Ï 0 : 5 0 Ï 0 :0 0 2
10 2580 22.07 0.333 2643 21.45 0.338 2617 21.72 0.336
Ï 2 3 Ï 0 : 6 1 Ï 0 : 0 0 2 Ï 2 3 Ï 0 : 5 7 Ï 0 : 0 0 2 Ï 1 8 Ï 0 : 4 2 Ï 0 :0 0 1
15 2575 22.20 0.333 2618 22.01 0.336 2600 20.76 0.334
Ï 2 2 Ï 0 : 5 6 Ï 0 : 0 0 2 Ï 2 1 Ï 0 : 5 3 Ï 0 : 0 0 2 Ï 2 9 Ï 0 : 7 4 Ï 0 :0 0 2
30 2632 21.46 0.337 2616 21.84 0.336 2559 21.97 0.331
Ï 1 9 Ï 0 : 4 5 Ï 0 : 0 0 1 Ï 1 8 Ï 0 : 4 1 Ï 0 : 0 0 1 Ï 1 7 Ï 0 : 4 0 Ï 0 :0 0 1
60 2647 21.56 0.338 2575 21.78 0.333 2577 21.85 0.333
Ï 2 0 Ï 0 : 4 7 Ï 0 : 0 0 1 Ï 2 4 Ï 0 : 6 5 Ï 0 : 0 0 2 Ï 2 4 Ï 0 : 6 1 Ï 0 :0 0 2
120 2606 21.94 0.335 2569 22.23 0.332 2599 22.12 0.334
Ï 1 8 Ï 0 : 3 8 Ï 0 : 0 0 1 Ï 1 8 Ï 0 : 4 3 Ï 0 : 0 0 1 Ï 1 9 Ï 0 : 4 6 Ï 0 :0 0 1
180 2612 21.95 0.335 2624 20.97 0.336 2595 22.61 0.334
Ï 2 0 Ï 0 : 4 8 Ï 0 : 0 0 2 Ï 2 0 Ï 0 : 4 7 Ï 0 : 0 0 2 Ï 1 9 Ï 0 : 5 0 Ï 0 :0 0 2
240 2595 22.18 0.334 2593 20.75 0.334 2631 21.32 0.337
Ï 1 7 Ï 0 : 4 1 Ï 0 : 0 0 1 Ï 2 1 Ï 0 : 4 8 Ï 0 : 0 0 2 Ï 2 9 Ï 0 : 8 0 Ï 0 :0 0 2
300 2654 20.62 0.338 2590 21.41 0.334 2596 21.85 0.334
Ï 2 9 Ï 0 : 7 2 Ï 0 : 0 0 2 Ï 2 3 Ï 0 : 5 8 Ï 0 : 0 0 2 Ï 2 1 Ï 0 : 5 2 Ï 0 :0 0 2
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TABLE I I
§4 ; I 4 , and R values obtained for the irradiated samples.
Anne- §4 I 4 R §4 I 4 R § 4 I 4 R
al ing [ps] [%] [nm ] [ps] [%] [nm ] [ps] [%] [nm ]
ti m e Annea l ing tem perature
[m in] 373 K 423 K 473 K
0 2540 19.89 0.330 2540 19.89 0.330 2540 19.89 0.330
Ï 2 0 Ï 0 : 4 2 Ï 0 :0 0 2 Ï 2 0 Ï 0 : 4 2 Ï 0 : 0 0 2 Ï 2 0 Ï 0 : 4 2 Ï 0 : 0 0 2
5 2543 21.21 0.330 2564 21.79 0.332 2590 22.31 0.334
Ï 2 0 Ï 0 : 4 8 Ï 0 :0 0 2 Ï 2 8 Ï 0 : 7 7 Ï 0 : 0 0 2 Ï 2 2 Ï 0 : 5 7 Ï 0 : 0 0 2
10 2566 21.59 0.332 2551 22.79 0.331 268 2 21.51 0.341
Ï 2 0 Ï 0 : 4 7 Ï 0 :0 0 2 Ï 1 8 Ï 0 : 4 3 Ï 0 : 0 0 1 Ï 2 4 Ï 0 : 6 0 Ï 0 : 0 0 2
15 2565 20.97 0.332 2579 21.84 0.333 2677 21.50 0.340
Ï 1 7 Ï 0 : 3 7 Ï 0 :0 0 1 Ï 3 0 Ï 0 : 8 9 Ï 0 : 0 0 2 Ï 2 5 Ï 0 : 6 2 Ï 0 : 0 0 2
30 2552 22.17 0.331 2588 21.98 0.334 2638 22.74 0.337
Ï 1 8 Ï 0 : 4 2 Ï 0 :0 0 1 Ï 2 7 Ï 0 : 7 7 Ï 0 : 0 0 2 Ï 2 4 Ï 0 : 6 6 Ï 0 : 0 0 2
60 2584 21.23 0.333 2574 22.37 0.333 2668 22.15 0.340
Ï 1 9 Ï 0 : 4 5 Ï 0 :0 0 1 Ï 2 3 Ï 0 : 6 1 Ï 0 : 0 0 2 Ï 2 2 Ï 0 : 5 5 Ï 0 : 0 0 2
120 2577 22.11 0.333 2612 21.83 0.335 26 67 22.59 0.339
Ï 1 9 Ï 0 : 4 8 Ï 0 :0 0 1 Ï 3 3 Ï 0 : 9 8 Ï 0 : 0 0 3 Ï 2 0 Ï 0 : 4 9 Ï 0 : 0 0 2
180 2573 21.56 0.33 2 2572 22.11 0.332 2603 22.99 0.335
Ï 2 2 Ï 0 : 5 7 Ï 0 :0 0 2 Ï 2 5 Ï 0 : 6 9 Ï 0 : 0 0 2 Ï 6 0 Ï 1 : 9 6 Ï 0 : 0 0 4
240 2587 21.79 0.333 2605 22.14 0.335 2528 22.53 0.329
Ï 1 9 Ï 0 : 4 5 Ï 0 :0 0 1 Ï 2 3 Ï 0 : 5 9 Ï 0 : 0 0 2 Ï 1 8 Ï 0 : 6 5 Ï 0 : 0 0 1
300 2535 22.40 0.329 2573 22.39 0.332 2573 20.12 0.332
Ï 1 6 Ï 0 : 3 7 Ï 0 :0 0 1 Ï 2 0 Ï 0 : 4 9 Ï 0 : 0 0 2 Ï 1 8 Ï 0 : 3 7 Ï 0 : 0 0 1
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T ABLE I I I
§4 ; I 4 , and R values obtained for the orientated samples.
Anne- § 4 I 4 R §4 I 4 R § 4 I 4 R
al ing [ps] [%] [nm ] [ps] [%] [nm ] [ps] [%] [nm ]
ti me Annea l ing temperature
[m in] 373 K 423 K 473 K
0 2609 21.62 0.335 2609 21.62 0.335 2609 21.62 0.335
Ï 2 0 Ï 0 : 4 6 Ï 0 : 0 0 1 Ï 2 0 Ï 0 : 4 6 Ï 0 : 0 0 1 Ï 2 0 Ï 0 : 4 6 Ï 0 : 0 0 1
5 2628 2 2.11 0.337 2648 21.82 0.338 2648 21.16 0.338
Ï 1 8 Ï 0 : 4 2 Ï 0 : 0 0 1 Ï 2 0 Ï 0 : 4 8 Ï 0 : 0 0 2 Ï 1 5 Ï 0 : 3 2 Ï 0 : 0 0 1
10 2656 21.89 0.339 2609 22.26 0.335 2603 21.37 0.335
Ï 2 2 Ï 0 : 5 5 Ï 0 : 0 0 2 Ï 1 9 Ï 0 : 4 6 Ï 0 : 0 0 1 Ï 1 9 Ï 0 : 4 5 Ï 0 : 0 0 2
15 2623 22.46 0.336 2625 21.94 0.336 2625 21.48 0.336
Ï 1 8 Ï 0 : 4 3 Ï 0 : 0 0 1 Ï 2 2 Ï 0 : 5 4 Ï 0 : 0 0 1 Ï 1 7 Ï 0 : 3 7 Ï 0 : 0 0 1
30 2636 22.19 0.337 2619 21.70 0.3 36 2610 21.41 0.335
Ï 1 9 Ï 0 : 4 7 Ï 0 : 0 0 1 Ï 2 2 Ï 0 : 5 5 Ï 0 : 0 0 2 Ï 1 7 Ï 0 : 3 7 Ï 0 : 0 0 1
60 2607 22.50 0.335 2616 21.85 0.336 2598 21.50 0.334
Ï 1 5 Ï 0 : 3 5 Ï 0 : 0 0 1 Ï 2 0 Ï 0 : 4 7 Ï 0 : 0 0 1 Ï 2 1 Ï 0 : 4 9 Ï 0 : 0 0 2
120 2615 22.13 0.336 2631 21.84 0.337 2571 22.06 0.332
Ï 1 8 Ï 0 : 4 4 Ï 0 : 0 0 1 Ï 2 7 Ï 0 : 7 0 Ï 0 : 0 0 2 Ï 1 9 Ï 0 : 4 8 Ï 0 : 0 0 2
180 2601 22.22 0.335 2660 20.66 0.339 2622 22.17 0.336
Ï 1 7 Ï 0 : 3 9 Ï 0 : 0 0 1 Ï 4 6 Ï 1 : 3 0 Ï 0 : 0 0 3 Ï 1 7 Ï 0 : 3 7 Ï 0 : 0 0 1
240 2633 22.45 0.337 2629 21.46 0.337 2545 20.39 0.330
Ï 1 8 Ï 0 : 4 3 Ï 0 : 0 0 1 Ï 2 0 Ï 0 : 4 7 Ï 0 : 0 0 1 Ï 1 9 Ï 0 : 4 1 Ï 0 : 0 0 2
300 2626 22.00 0.336 2611 21.40 0.335 2541 18.72 0.330
Ï 2 0 Ï 0 : 4 8 Ï 0 : 0 0 2 Ï 2 5 Ï 0 : 6 3 Ï 0 : 0 0 2 Ï 2 1 Ï 0 : 4 2 Ï 0 : 0 0 2
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Typi cal values of the shorter l if eti mesand thei r intensi ti es, for the as-pro duced
sam ples, were as f ollows: §1 = (1 8 0 Ï 2 5 ) ps, I 1 = (2 0 Ï 1 0 ) %, § 2 = (3 7 5 Ï 2 5 ) ps,
I 2 = (4 5 Ï 1 5 ) %, § 3 = (1 0 5 0 Ï 1 5 0 ) ps, I 3 = (7 : 5 Ï 1 : 5 ) %. W ithi n these error
bars are incl uded al l Ùtted values of the m easurements param eters obta ined for
ten di ˜erent anneal ing ti mes and f or three di ˜erent anneal ing tem peratures. The
parameters of the anneal ing pro cess (i ts tem perature and ti m e) were qui te di ˜er-
ent but the R and I 4 values do not change rem ark ably, except f or the sampl es
annealed at 473 K.
Equa ti on (1) has al lowed us to com bine the m ean radius of the spheri cal
wel l wi th the concept of the speciÙc or fracti onal free volum e in polym ers. Thi s
fracti onal free volume, denoted by f , is deÙned as
f = ( V À V0 ) =V = V f =V ; (2)
where V i s the to ta l m acroscopic vo lum eof the polym er, V 0 i s the volum e occupi ed
by m olecules,V f is the free volum eof the polym er. The fracti onal free vo lum e might
Fig. 1. T he ( V È I 4 ) values for the as-pro duced samples vs. the annealin g time at
di˜erent temp eratures ( ¯ | 373 K , | 423 K and full triangle | 473 K ).
Fig. 2. T he ( V È I 4 ) values for the irradiated samples vs. the annealing time at di˜erent
temp eratures ( ¯ | 373 K , | 423 K and full triangle | 473 K ).
Fig. 3 T he (V È I 4 ) values for the orientated samples vs. the annealing time at di˜erent
temp eratures ( | 373 K , | 423 K and full triangle | 473 K ).
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be determ ined from the l i feti me m easurements. The relati ve intensi ty of the o -Ps
l i feti m e com ponent, I 4 , is assumed to be pro porti onal to the num ber of the free
vo lume holes because i t gives the inf orm ati on on the o -Ps form ati on pro babi l i ty .
W ang et al . [12] and Ko baya shi et al . [13] pro posed a semiempirica l relati on whi ch
m ay be used to evaluate the fracti onal free vo lume f
f = A È I 4 È V sph ; (3)
where I 4 i s the relati ve intensi ty of the o -Ps l i feti m e com ponent, V sph = (4 ¤ R 3 =3 )
[nm 3 ] is free vo lum e of the single hole (the R value is ta ken from Eq. (1)), A i s
the norm al isatio n constant. The A value has not been measured in thi s wo rk but
as i t is the constant, the f value must be pro porti onal to the pro duct: ( I 4 È V sph ) .
In Fi gs. 1, 2, and 3 the evaluati ons of thi s pro duct are shown for three typ es of
the measured sam ples. It is cl ear tha t for the as-pro duced sampl es there is no
correl ati on between the f v alues and both the anneal ing ti me and the anneal ing
tem peratures. Exp erim enta l points are random ly distri buted about f = 3 3 7 Ï 1 5 .
Simi larl y, for the i rra diated sam ples there is no tendency between the f values and
the ti m eand the tem perature anneal ing at 373 K and 423 K. Ho wever f drops wi th
the ti m e anneal ing for the sam ples annealed at 473 K from about f = 3 5 5 Ï 1 0 to
about f = 3 1 0 . Thi s decrease starts after 180 m in of the ti me anneal ing. The same
behavi our was observed for the orienta ted sam ples. The f values for the sampl es
annealed at 373 K and 427 K level o˜ at about f = 3 5 0 Ï 1 5 . On the contra ry,
the experim ental points for the sam ples annealed at 473 K show a tendency wi th
the ti m e. The f drops from about 335 to about 280 for the anneal ing ti m e longer
tha n 180 m in. Ko bayashi et al . [13] and Ma dani et al . [14] observed a sim i lar
e˜ect of the decreasing f in poly(vi nyl acetate) and in epoxy, respecti vely. As §4
i s pro porti onal to the overl ap of the positro n and electro n wa ve f uncti on in a free
vo lume cavi ty i t is obvi ous tha t §4 wi l l be correlated wi th the dim ension of tha t
cavi ty . The behavi our of the f values for the as-produced sam ples suggests tha t
the materi al of the sampl es was resistant to the changes of the tem peratures and
ti m e anneal ing. Even for the highest (used in the inv estigati on) tem peratures and
the longest ti m e anneal ing, both values R and I 4 were constant whi ch resul ted
in levell ing o˜ the f values. It indi cates tha t nei ther the radi i of the f ree volume
nor the o -Ps form ati on probabi l i t y were inÛuenced by therm al trea ti ng. A sim i lar
e˜ect wa s observed for the i rradi ated and orienta ted sam ples at 373 K and 423 K.
In spite of thi s, the decrease in the f values was observed for these sampl es at the
tem perature anneal ing of 473 K for the ti me anneal ing longer tha n 180 m in (Fi gs. 2
and 3). As R values were almost constant for these sam ples i t is the decrease in
the relati ve intensi ty of the o -Ps l i feti me com ponent, I 4 , tha t is responsi ble for
the decrease in f . The decrease in the f values m ight be expl ained ta ki ng into
account the pro ducti on process of the PE sheets. Duri ng thi s pro cess polym er
chains were stro ngly stretched, especial ly in the case of the ori entated sam ples.
Free volum e spaces were created where o -Ps might live. W hen the sam ples were
heated at 473 K, for longer tha n 3 h, the polym er chains shra nk and som e of the
free volume disappeared. It m ight cause the decrease in I 4 and consequentl y the
sim i lar decrease in f . Unf ortuna tel y, the ti m e anneal ing wa s no longer tha n 5 h, in
the work. It seems tha t the longer therm al trea tm ent of the sam ples may expl ain
thi s behavi our.
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4. Co n cl usion s
Three di ˜erent ki nds of the therm o-shrunken PE were inv estigated by positro n
anni hi lati on. Therm al trea ti ng of the as-pro duced sampl esdoesnot seem to disturb
the chains structure of the PE because the f values are constant. The i rra diated
and ori enta ted sam ples show the decrease in the f values for high (473 K) tem per-
ature and long (l onger tha n 3 h) ti me anneal ing. It is supposed tha t thi s decrease is
caused by the decrease in the rela ti ve intensi ty of the o-Ps l i feti m e com ponent, I 4 .
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